Subalpine streams are predicted to experience lower summer discharge following climate change and water extractions. In this study, we aimed to understand how drought periods impact dissolved organic matter (DOM) processing and ecosystem metabolism of subalpine streams. We mimicked a gradient of drought conditions in stream-side flumes and evaluated implications of drought on DOM composition, gross primary production, and ecosystem respiration. Our experiment demonstrated a production and release of DOM from biofilms and leaf litter decomposition at low discharges, increasing dissolved organic carbon concentrations in stream water by up to 50%. Absorbance and fluorescence properties suggested that the released DOM was labile for microbial degradation. Dissolved organic carbon mass balances revealed a high contribution of internal processes to the carbon budget during low flow conditions. The flumes with low discharge were transient sinks of atmospheric CO 2 during the first 2 weeks of drought. After this autotrophic phase, the metabolic balance of these flumes turned heterotrophic, suggesting a nutrient limitation for primary production, while respiration remained high. Overall our experimental findings suggest that droughts in subalpine streams will enhance internal carbon cycling by transiently increasing primary production and more permanently respiration as the drought persists. We propose that the duration of a drought period combined with inorganic nutrient availability are key variables that determine if more carbon is respired in situ or exported downstream.
Mountainous regions are estimated to provide more than 30% of the global water runoff from the continents to the oceans (Meybeck et al. 2001) . At the same time, these regions are predicted to be strongly affected by climate change, as more precipitation will fall as rain rather than snow (Barnett et al. 2005) , resulting in a potential loss of stream flow during spring and summer (Berghuijs et al. 2014 ). In addition, streams in the European Alps are subject to direct human impacts on the hydrological regime, such as water extractions and hydroelectric power production (Maiolini and Bruno 2008) . Hence, there is an increasing need to understand the implications of hydrological regime change and in particular, the occurrence of droughts, on alpine stream ecosystem functioning (Hannah et al. 2007; Ulseth et al. 2017) .
Subalpine streams are considered net heterotrophic (Uehlinger and Naegeli 1998; Fellows et al. 2001; Hall et al. 2015) , with ecosystem respiration (ER) exceeding gross primary production (GPP) resulting in a negative net ecosystem production (NEP). Net heterotrophy is also reported for most other fluvial ecosystems (Mulholland et al. 2001; Hoellein et al. 2013 ) where high ER is maintained by a steady supply of particulate and dissolved organic matter (POM and DOM) from the terrestrial ecosystem (Battin et al. 2008) . The DOM supply from the surrounding catchment is determined by the availability of DOM in soils (Schelker et al. 2013 ) and its transport with surface runoff and subsurface flow into the main channel (Aitkenhead-Peterson et al. 2003) . Hence, heterotrophy largely depends on the hydrological connectivity of soils and streams.
Autochthonous DOM has been found to contribute less than 5% of the DOM pool of headwater streams (Mulholland 1997) .
The effects of hydrological variation on DOM quantity have been well studied in the context of stormflow events. For example, several studies report that DOM quantity increases with discharge (Ågren et al. 2008; Wiegner et al. 2009; Bass et al. 2011; Guarch-Ribot and Butturini 2016) . DOM quality changed toward a terrestrial, more humified composition, with probably lower biodegradability for heterotrophic metabolism (Saraceno et al. 2009; Fasching et al. 2016; Raymond et al. 2016) . However, little is known about how extended periods of reduced flow may affect DOM quantity and quality, particularly in humid regions (Larned et al. 2010) .
Streams regularly subject to flow intermittency, such as those of the Mediterranean biome, show distinct patterns of DOM processing. DOC concentrations have been found to increase with decreasing discharge during summer drying (Von Schiller et al. 2015) . Although this DOC increase during drying is less prominent than during storm events, the former is paralleled with a change in DOM composition toward labile characteristics (Vázquez et al. 2011; Butturini et al. 2016; Ejarque et al. 2017) . Additionally, some Mediterranean and semiarid streams have been characterized to transiently shift to net autotrophy (Webster and Meyer 1997; Velasco et al. 2003) , acting as sources of aquatic DOM. Phases of net autotrophy are partly explained by high water temperatures that enhance GPP (Busch and Fisher 1981; Acuña et al. 2004) . Similarly, Proia et al. (2016) report higher autochthonous carbon loads in a Mediterranean river during summer low-flow associated with longer water residence times.
To identify the potential effects of drought conditions on subalpine stream ecosystem functioning, we designed an experiment in stream-side flumes. We recreated six hydrological conditions, ranging from baseflow to drought, and evaluated changes in DOM quantity and quality, as well as in wholeflume metabolism. We expected the ecosystem response to drought to be similar to the responses reported for drier regions (Jones et al. 1996; Mulholland et al. 2001; Velasco et al. 2003) and predicted that discharge reduction will increase water residence time and water temperature. Following these alterations, we expected higher in-stream DOC production and an increase of autochthonous DOM in the flumes with low discharges, as well as an increase in autotrophic metabolic pathways.
Methods

Experimental setup
This study consisted of simulating decreasing flow conditions from base flow to drought in six streamside flumes located in the subalpine region of lower Austria (47 15 0 N 15 04 0 E). All flumes were fed with stream water of the "Oberer Seebach," a pristine, second-order stream draining a karst catchment of 25 km 2 located between 600 m and 1900 m above sea level ). Previous studies have identified hydrological conditions as a major driver of dissolved CO 2 concentrations (Peter et al. 2014) . Generally low production and high respiration result in a low autotrophic contribution to the carbon budget . DOC concentration ranges from 1.11 mg C L −1 to 5.43 mg C L −1 and increases with discharge. DOM composition is typically terrestrially derived and humic-like, with some autochthonous imprints during base flow (Fasching et al. 2016) . Summer stream water temperature ranges from 6.6 C to 15.0 C, inorganic nutrient concentrations
) and the stream is commonly supersaturated in O 2 (12.1 AE 0.8 mg L −1 ) (Müllner and Schagerl 2003) . The flumes (40 m length, 0.4 m width) were filled with a mixture of sand (d 50 = 0.2-0.4 mm) and leaf-litter (Fagus sylvatica and Acer pseudoplatanus), representing the streambed sediment containing a typical source of POM of terrestrial origin. We chose a total organic carbon to sediment ratio of~1.5 g C kg −1 that is within the range of 0.8-2.1 g C kg −1 found in the bed sediments of "Oberer Seebach" (Leichtfried 1996) . The sand-leaf-litter mixture was distributed as a series of dunes (2 m long, maximum height of 0.15 m and minimum height of 0.05 m above the bottom of the flumes) in order to create a sequence of pools and riffles ( Fig. 1a-d) . A thin layer of gravel was added the tops to avoid erosion. The experiment was performed during August and September of 2015 and consisted of three phases: First, a 2-week pretreatment phase with constant discharge (2.65 L s −1 ) in all flumes to allow colonization by bacteria and establishment of biofilms. Second, a 3-week treatment phase with different levels of decreased discharge (Table 1) in each flume, except for the control flume (F6) remaining with the initial discharge. Third, a reflow phase where all flumes received pretreatment discharge levels for 3 d.
Flume ecosystem monitoring
We used a combination of high-frequency monitoring with sensors and grab sampling. Light intensity and temperature were measured continuously in each flume over the whole duration of the experiment by a HOBO Pendant Temperature/ Light 64K Data Logger (Onset Computer Corporation). Dissolved oxygen concentrations were recorded continuously during treatment and reflow with one HOBO Dissolved Oxygen Data Logger at the end of each flume, as well as at the inlet of control flume F6. A UV-Vis probe (Spectro::lyser, S:: can Messtechnik GmbH) was installed in a flow through cell, measuring absorbance spectra from the water at the outflow of each flume (once per hour) and from the inflow (twice per hour) during the last week of the treatment phase. From UVVis spectral data hourly DOC and NO 3 concentrations were estimated using the manufacturer's algorithms. Surface water was sampled manually every 3 d during pretreatment and during treatment, and every day during the reflow phase. Temperature and dissolved oxygen concentration were measured at every manual sampling at the inflow and the outflow with a FiresStingO2 optical oxygen meter (Pyro Science GmbH). Manual measurements of dissolved oxygen agreed well with automated measurements (r 2 = 0.94; slope = 0.99, y-intercept = 0.27; data not shown). Discharge was measured volumetrically at the inflow and at the outflow. Salt slug injections were used to measure flow velocity during treatment. Samples, collected with three replicates at the inflow and one at each outflow for DOC and optical properties were stored in borosilicate vials, which were prepared by soaking in 0.1 N HCl, rinsing with MilliQ water and combusting at 450 C for 4 h.
Inorganic nutrient samples were collected into sterile conical base centrifuge tubes. All manual samples were filtered with 0.7 μm Whatman GF/F filters directly in the field. Manual samples for dissolved gases (CO 2 and CH 4 ) were collected in clear glass serum bottles with unfiltered stream water without a headspace and closed with a gas-tight rubber septum.
Laboratory analyses
We analyzed for DOC, N-NO 3 , N-NO 2 , N-NH 4 , and P-PO 4 concentrations and measured DOM fluorescence and absorbance. DOC concentration was measured on a TOC analyzer with an inorganic carbon removal unit (GE-Sievers 900). DOM absorbance spectra over 200-700 nm wavelength were obtained from an UV-Vis spectrophotometer (ShimadzuUV 17000), using 5-cm cuvettes and MilliQ water as a blank. Fluorescence intensities were measured on a Hitachi F-7000 spectrofluorometer with 1-cm quartz cuvettes at excitation wavelengths ranging from 240 nm to 450 nm and emission wavelengths from 250 nm to 550 nm. N-NO 3 , N-NO 2 , N-NH 4 , and P-PO4 concentrations were measured on a continuous flow nutrient analyser (Alliance Instruments). Dissolved gas (CO 2 and CH 4 ) partial pressure of manual gas samples was measured in a manually generated headspace on a Cavity RingDown Spectrometer (CRDS) G2310 (Picarro cooperation).
DOM spectroscopic data treatment DOM quality was investigated using its specific fluorescence and absorbance characteristics as described in the following. Excitation-emission-matrices were subtracted by MilliQ water blanks to remove Raman scattering (Goletz et al. 2011 ) and were corrected for the inner filter effect using corresponding absorbance spectra (Lakowicz 2006) . Raw fluorescence data was converted into Raman units by dividing by the area of the Raman peak of a MilliQ sample measured on the same day of analysis. All fluorescence measurements were corrected for wavelength-dependent lamp inefficiencies using manufacturer's built-in functions. From absorbance and fluorescence measurements the following parameters were determined (Table 2) : Specific ultra violet absorbance (SUVA 254 ) was calculated as absorbance measured at 254 nm, divided by the cuvette path length and normalized to the DOC concentration and is reported in units of mg C m
. Higher SUVA 254 has been found to correspond to higher aromaticity of DOM (Weishaar et al. 2003) . Spectral slope ratio (SR) was calculated as described by Helms et al. (2008) , attributing an increase of this ratio to photodegradation. Fluorescence index (FI) was calculated as the ratio of excitation at 370 nm of intensities emitted at 470 : 520 nm (Cory and McKnight 2005) ; lower values are considered to be of terrestrial origin and higher values correspond to an autochthonous origin (McKnight et al. 2001) . Biological index (BIX), the ratio of emission 380 nm and 430 nm at excitation 310 nm, was used to describe freshness (higher values refer to more recent production) of DOM (Huguet et al. 2009 ). The humification index (HIX), an index increasing with humification, was calculated using the area under the emission spectra 435-480 nm divided by the peak area 300-345 nm from the spectra at excitation 254 nm (Ohno 2002) . Parallel factor analysis (PARAFAC) components were calculated with the MATLAB toolbox drEEM by Murphy et al. (2013) . A 4-component model was validated using split-half analysis with four random split combinations (Murphy et al. 2013) . PARAFAC components are expressed as relative fluorescence intensities (ΣCi) using, %Ci = Ci \ ΣCi × 100%.
Statistical analyses
To focus on the net changes in water chemistry occurring within each flume, rather than on the variability in the incoming water, data are reported relative to the inflow as
where ηX is the percentage of change of the parameter at the outlet of the flume X f compared to the mean value of three replicates of the inflow X in . The effects of hydrology (discharge, 6-level factor) on ηX were tested using nonparametric Kruskal-Wallis tests, followed by Tukey-Kramer post-hoc analysis when significant differences were found. Specifically, we compared discharge levels from F1 to F5 during treatment with the control discharge (2.65 L s ) that covered data from F6 during the whole experimental period and from F1 to F5 during pretreatment and reflow. The flumes were subject to the prevailing light conditions. Therefore we performed Kruskal-Wallis tests, followed by Tukey-Kramer post-hoc analysis with the daily sum of light intensity as the response variable and flume as the main effect. F1 showed a higher light intensity, while all the other flumes were not significantly different (p > 0.1). This was the same for all three experimental phases (pretreatment, treatment, and reflow). Hence, we assume that any trends seen Table 2 . Description of abbreviations of absorbance and fluorescence optical indices for dissolved organic matter used in this study. Yamashita et al. (2011) during treatment, but not during pretreatment or reflow are a sole result of differences in discharge and that difference in light availability between the flumes had a negligible impact on the variability in ηX. Linear trends of variables over time and with discharge were tested with nonparametric MannKendall test using MATLAB with the curve fitting toolbox (MATLAB 2016). Variables which were found to be affected by the drought treatment with the Kruskal-Wallis test (p < 0.01), were also tested with a two-way ANOVA on the influence of two independent variables (discharge and days of treatment) and the interaction of these two. Normality of residuals was evaluated with the Shapiro-Wilk test (significance level α = 0.01) and with histograms. Data not fulfilling normality were power transformed with the most suitable exponent to meet the assumptions ( Estimation of net ecosystem production NEP was estimated from continuous diel dissolved oxygen measurements (Odum 1956 ). Estimates were based on 5-min interval by taking the change in dissolved oxygen from the inflow (represented by dissolved oxygen measurements at the inflow of F6) and the outlet of each flume. Reaeration coefficient k was calculated with Bayesian models, using the R toolbox "streamMetabolizer" (Appling et al. 2017 ) and in addition with the nighttime regression method by taking the slope between the rate of change and the deficit of dissolved oxygen during each night. Both methods gave k-values in the same range (Supporting Information Table S1 ). For simplicity, we decided to only use the robust k's of the Bayesian models with the best fit.
We used the two-station-method to account for the short reach length of the flumes. According to Reichert et al. (2009) the minimal reach length depends on flow velocity and the reaeration coefficient. This criterion was not fulfilled for flumes F5 and F6. Hence, NEP was only calculated for flumes F1 to F4 during treatment. The change of dissolved oxygen (DO outflow − DO inflow ) was divided by the travel time (tt f ) of each flume and subtracting the temperature corrected reaeration coefficient (k t ) multiplied with the oxygen deficit (D) (Odum 1956; Bernot et al. 2010 )
From this corrected oxygen net rate (DO net ) the mean values of each night were taken and temperature-corrected with the following formula after Demars et al. (2016) , centring the values around the overall average temperature T all of 10.26 C, representing the ER at every minute.
where E is the apparent activation energy (0.57 eV) for respiration taken from Yvon-Durocher et al. (2012) .
Estimation of DOC mass balance
To illustrate carbon fluxes at different discharge levels, we estimated carbon mass balances for 24 h at the end of the treatment (17 th day). This day was chosen because of the availability of sensor and laboratory measurements and stable light conditions during that day. DOC generated from the flumes (ηDOC gen ) was calculated with DOC estimates from absorbance spectra as:
where t 1 is the time before sunrise and t 2 the same time on the next day; DOC f the DOC concentration at the outflow of each flume and DOC in the mean DOC concentration at the inflow measured by the UV-Vis probe (DOC in_r1 and DOC in_r2 ). As some inaccuracies in optical measurements can occur (e.g., by particles blocking the optical path), data treatment included the removal of out-of-range values, whereby only (DOC f − DOC in ) values which were higher than max|DOC in_r1 − DOC in_r2 | were included in Eq. 4. Further, DOC mass exports since the beginning of the treatment until the day of the DOC balance were quantified as the following: First, ηDOC was interpolated for every day. Second, ηDOC gen was calculated by multiplying ηDOC with a correction factor accounting for reduced DOC release during nighttime. This correction factor (0.833 and 0.64 for F1 and F2, respectively) was estimated as the ratio of manually measured ηDOC gen calculated from daytime DOC concentrations and ηDOC gen from continuous measurements (UV-Vis probe) for the entire day as presented in Eq. 4. Third, DOC mass exports [g] were then calculated by summing up daily ηDOC gen . NEP estimations were converted into carbon concentrations by multiplying them with the molar ratio of CO 2 and with the photosynthetic quotient PQ of 1/1.2 for GPP and the respiration coefficient RQ of 1/0.85 for ER (Dodds et al. 1996) . The concentration was converted into mass by multiplying them with the water volume (WV) of each flume as
and ER daily = 12 32
Finally, for the mass balance MB daily we assumed that GPP daily would be equal to the amount of carbon respired (ER daily ) and exported (ηDOC gen ).
If the MB daily was negative, we assumed that DOC was supplied by autotrophs or by leaf litter in the sediment.
Results
Drought effect on nutrient concentrations and DOM composition
Drought impacted DOM and nutrient composition (Fig. 2,  Table 3 ). Low discharge levels (0.03 L s significantly higher compared to the control discharge. Overall, the variation of ηDOC with the six discharge levels could be best described by an exponential function, where average ηDOC(%) = 41 × e −5.6 * Q (linear model with log(Q): r 2 = 0.90, p < 0.01, n = 6). Water residence time showed a positive, linear relationship with average ηDOC (r 2 = 0.98, p < 0.01, n = 6), as well as ηwater temperature with all ηDOC values during the whole treatment phase (r 2 = 0.75, p < 0.01, n = 30). By contrast, ηSR, ηHIX, ηBIX, and ηFI and the PARAFAC components ηC1, ηC2, and ηC4 did not show significant differences between discharge levels. Moreover, we found that ηDOC was also significantly related to the interaction between discharge level and treatment duration (two-way ANOVA, F (5,8) = 56.2, p < 0.01). Over time, flumes with the lowest discharge (F1 and F2) showed a continuous increase in ηDOC (Fig. 2a) , reaching values of almost 50% in F1 ([DOC] = 1513 μg L −1 , compared to the
) by the end of the treatment. In F1 and F2, variation over time followed a significant linear trend (Mann-Kendall test, both p = 0.02) where the increase in F1 had a steeper slope (slope = 1.5) than in F2 (slope = 1.2). ηNO 3 was also related to the interaction between discharge and treatment duration (F (5,18) = 7.2, p < 0.01). ηNO 3 declined by 25% in the beginning of the treatment in F1, but gradually returned to pretreatment levels (Fig. 2d) . The interaction effect of treatment duration and discharge was not significant for DOM indices ηC3 (F (5,18) = 0.2, p = 0.9) and ηSUVA 254 (F (5,18) = 0.6, p = 0.7), indicating that the quality of the released DOC did not follow an overarching temporal change. During treatment, protein-like ηC3 was on average (AE SD) +160 (AE 98)% and +135 (AE 105)% in F1 and F2, respectively. In contrast, SUVA 254 was −12% AE 3% and −8% AE 4% in these flumes.
Drought effect on water temperature
During pretreatment and reflow, ηwater temperature was less than AE 10%. Discharge reduction increased water residence time, resulting in a high positive ηwater temperature and diurnal variability (maximum daily range of water temperature between 9 C and 18 C in F1 compared to 8 C and 11 C in F6). During the treatment phase, the flumes with the lowest discharge (F1 and F2) had a significantly higher ηwater temperature (χ 2 = 24.1, df = 5, p < 0.01) than the control discharge over the whole experimental period. The highest ηwater temperature observed in F1 was +77% (equals tõ 20 C).
Gas concentrations and metabolic balance Flume gas concentrations of O 2 and pCO 2 showed strong variation over time and with treatment. During pretreatment, ηpCO 2 decreased continuously to ηpCO 2 -50%, whereas ηO 2 remained near zero (Fig. 3) . During treatment, ηpCO 2 increased in all flumes with a more pronounced increase in F1, F2, and F5 and reached values of up to 120% in F1 at the end of the treatment. With the beginning of reflow ηpCO 2 immediately dropped to 0% in all flumes which coincided with a rapid reduction in water temperature from 10 C to 7.5 C (Fig. 3c) . The temporal dynamics of ηO 2 consisted of a strong increase in the beginning of the treatment phase in F1 and F2 and a decrease over time (Fig. 3b) . Dissolved Oxygen went up in F1 (ηO 2 = 35%) immediately after the beginning of the treatment phase and in F2 by 40% by the end of the first week. After that, ηO 2 declined to negative ηO 2 values in both flumes after 3 weeks of treatment. The dynamics of the dissolved gases were reflected in the dynamics of the production-respiration-ratio (P/R ratio, Fig. 3d ). In F1 and F2, the P/R ratio reached values above 2 in the first week of treatment but declined to values below 1 during the third week. By contrast, the P/R ratio in F3 and F4 remained close to 1 (0.9 AE 0.4 and 1.1 AE 0.4, respectively), indicating that no process (production or respiration) was dominating. In F1, GPP showed a significant negative linear trend with treatment duration (Mann-Kendall test, p < 0.001). However, ER did not follow this trend, indicating a decoupling of GPP and ER during treatment.
DOC mass balance
The reduction of discharge had a pronounced effect on sources and sinks of carbon, as exemplified by DOC mass balances integrating carbon fluxes of 24 h at the end of the experiment. Hourly UV-Vis sensor data revealed that ηDOC and ηNO 3 in F1 and F2 followed clear diel cycles during treatment, which disappeared immediately with reflow (Fig. 4) . The ηDOC estimated from the absorbance spectra peaked during daytime at +48% in F1 (8 pm) and at +34% in F2 (5 pm). At nighttime, ηDOC decreased to 10% in F1 and to 5% in F2. In terms of production rate per day (ηDOC gen ), we estimated a ηDOC gen of~1.0 g C d −1 from F1 and 1.8 g C d −1 from F2.
When we calculated ηDOC gen for the same day by extrapolating the lab measurement of one grab sample taken during daytime, ηDOC gen from F1 (1.2 g C d ) were notably higher. This demonstrates that omitting diel cycles alters estimations of daily DOC exports.
F1 never reached positive NEP on the day of the DOC mass balance but released relatively more DOC coming from either autotrophic production or previously stored DOC than F2. In F1, 35% more DOC than inflowing was exported (Fig. 5a) , while this export was only 21% in F2 (Fig. 5b) . Moreover, we found that there was almost three times as much carbon respired (5.8 g C d ). In general, GPP and ER were important fluxes in the carbon budget of F1 and F2, while in flumes with higher discharge these fluxes were relatively lower. For example in F1, GPP and ER represented 72% and 200% of the DOC mass entering the flume, whereas in F4 these fluxes only represented 13% and 15%, respectively (Fig. 5c) .
Since daily NEP was negative in F1 on the day of the DOC mass balance, the export and respiration of carbon was supported by DOM from a surplus of GPP stored since the onset of drought or from microbial processing and leaf litter. We estimated a surplus of biomass originating from NEP of 1.9 g in F1 and 5.6 g in F2 that could maintain excess ηDOC gen and ER. However, a rough estimation of ηDOC gen since the beginning of the treatment suggested that 7.5 g and 15.2 g were already exported during the same time period from F1 and F2, respectively. This estimation demonstrates that export and respiration of DOC relied on leaf litter as a carbon source and that the microbial utilization of this source was likely higher in the flumes with low discharge than in the others.
Discussion
Our experiment demonstrated an increase of DOC concentration with discharge reduction that originated from autochthonous sources (high C3 and low SUVA 254 ) with assumingly high availability for heterotrophic metabolism. The change in DOM bioavailability during drought was paralleled by an initial phase of increased GPP that was superimposed with high ER. The latter persisted until the end of the experiment, despite a decline in GPP. These findings show that summer droughts in subalpine streams might enhance in-stream carbon processing and that longer drought periods can facilitate the decomposition of organic matter stored in stream sediments.
Potential drivers of labile DOM increase during low flow
We found net DOC releases (ηDOC gen ) of up to 65 mg C m ; Jones et al. 1996) . Similarly, DOC mass balances from a Mediterranean river have revealed pulses of net DOC release of up to 800 mg C m −2 d −1 during a low-flow period (Butturini et al. 2016) . Nutrient-rich, urban streams were even found to exceed these values with DOC releases of up to 1344 mg C m −2 d −1 (Sivirichi et al. 2011 ). In our experiment, ηDOC had a positive, linear relationship with water residence time and water temperature, suggesting that these two factors were the main drivers of DOM release and composition change. GPP has been found to be affected by water residence time and water temperature. For example, rivers with high flow velocities and resulting bottom shear stress sustain GPP by benthic algae, whereas in large and slow flowing rivers plankton and long filamentous algae dominate (Larned et al. 2004; Hall et al. 2015) . We do not have explicit information on the autotrophic community structure in our experiment but observed floating, filamentous algae only in F1 and F2. Similarly, Müllner and Schagerl (2003) reported from the "Oberer Seebach" that pioneer-algae communities of Synurophyceae and Bacillariophyceae dominated at riffle sections and during high flow conditions. Under intermediate and stable flow conditions, growth of filamentous Chlorophyta and Cyanoprokaryota was common. Algae community and the velocity of algal colonization can also change with water temperature (Villanueva et al. 2011) , whereby higher water temperature increases GPP when light is not a limiting factor (Murphy 1998) . We assume that light was not limiting in our setting because measured light availability was higher than the light saturation threshold of 90 μE m −2 s −1 suggested by Acuña et al. (2004) during most days. This assumption is further corroborated by the GPP curves showing a steep increase with sunrise followed by the formation of a plateau in the morning, while light availability further increased.
Diurnal increases in DOC similar to those observed in this study occur in desert streams, with high DOC releases from algal production (Jones et al. 1996) . Kaplan and Bott (1982) reported daily increases of DOM by 40% in a piedmont stream, which is similar to the increase observed in F1. They showed in microcosm experiments using carbon isotopes that this gained DOM was composed of exudates of benthic algae modified by heterotrophic bacteria. Furthermore, Fasching et al. (2016) observed DOC concentrations to peak before sunset in the "Oberer Seebach" during summer baseflow. This daily increase was found to vary as a function of light availability, water temperature, and time span since the last storm event.
In this study, we identified similar environmental controls of daily DOC variation under controlled experimental conditions. Specifically, our observed increases of daily DOC release with treatment time highlights the influence of time span since the last hydrological disturbance. Higher temperatures enhance microbial activity, as for example the enzymes that catalyze the oxidation of phenolic compounds to quinines, thereby increasing the transformation rate from POM to DOM (Freeman et al. 2001; Kane et al. 2014 ). This mechanism was reported from experiments using POM from peatlands, where an increase of 10 C in water temperature resulted in an increase of 33% of DOC concentration (Freeman et al. 2001) . The results are similar to our observations of a 40% increase in DOC concentration with a temperature difference between inflow and outflow of up to 8 C. DOM quality was also observed to change as a function of temperature, in the form of a decrease in SUVA 254 and aromaticity (Kane et al. 2014 ) due to enhanced microbial activity (Kim et al. 2006) . Therefore, the low SUVA 254 detected in F1 and F2 might be related to microbial activity favored by increased stream temperature. Diel cycles of ηDOC that were mirror-inverted with ηNO 3 (see Fig. 4 ) and the inverse trend of ηNO 3 and GPP over the whole drought period suggests that NO 3 concentration was controlled by the uptake by autotrophs. At high GPP, up to 25% of the available NO 3 was taken up, suggesting that at some point during the day the primary production was nutrient limited. We suspect that this limitation was caused by the lack of inorganic P, because of the high nitrogen to phosphorus ratio (> 100 : 1) and the fact that P-PO 4 concentrations were continuously below the detection limit in F1. Nutrient limitation is often present when inorganic nutrients are not supplied from the surrounding soils or groundwater (Roberts et al. 2007 ). Further, high light to nutrient ratios have been found to stimulate the release of algal carbon exudates as DOM because nutrient uptake is unable to keep pace with carbon fixation (Sterner et al. 1997; Lyon and Ziegler 2009) . This supports our idea that algal exudates substantially contributed to increased DOC fluxes.
As a secondary pathway, the availability of algal exudates might have favored the degradation of complex organic matter. This effect known as "priming" is a process, where inputs of bioavailable organic matter (e.g., algal exudates) can increase the rate at which microbes consume more stable organic matter (e.g., POM) (Guenet et al. 2014; Hotchkiss et al. 2014) . While the process is well documented for soil microbial communities (Wolfaardt et al. 1994) , the existence of the priming effect in stream ecosystems is currently questioned (Bengtsson et al. 2015; Wagner et al. 2017) . However, the steady gain of labile DOM parallel to the increase of CO 2 and ER in this study, lead us to suggest a potential contribution of at least "apparent priming" (Catalán et al. 2015) and thereby enhanced degradation of sediment leaf litter during drought.
Shift in metabolic balance
Streams are generally assumed to be net heterotrophic (Hoellein et al. 2013 ), but exceptions are reported, mainly from desert and Mediterranean streams (Busch and Fisher 1981; Velasco et al. 2003) . The DOC mass balance indicated that F1 and F2 had a higher contribution of GPP to their carbon budget than the other flumes even after the P/R ratio of F1 and F2 remained below 1. The phase of net autotrophy in F1 and F2 enabled to store and export carbon that was generated within the flumes. However, the excess DOC stored during the first week of the experiment was rapidly respired or exported from the flumes during the third week. The quantity of ER and ηDOC gen even suggests that more of the sediment leaf litter had to be degraded in F1 and F2 than in the other flumes.
The increase of ER and the decrease of GPP indicate a decoupling of these two metabolic rates. GPP can decline or even collapse due to light or nutrient limitation. Light limitation in streams is not only caused by riparian vegetation but also by organic matter accumulation (e.g., dead algal mats) in the stream that can lower the performance of the underlying autotrophs (Acuña et al. 2004) . Sabater et al. (2008) report that algal biomass increased until spring in an intermittent stream and reduced with summer drying. In this stream, floods washed away the overlying materials and algae could grow again readily, when light availability to the bed surface was restored. Apart from that, bacterial growth and the availability of DOM was observed to lead to higher ratios of bacterial biomass to algal biomass in lakes when light to nutrient ratios rose (Elser et al. 2003) . However, this shift was not confirmed in a flume experiment that simulated streams with a flow velocity of 10 cm s −1 (Hill et al. 2011 ).
Taking into account that this flow velocity is ten times higher than the velocity present in F2 during treatment, we suggest that the metabolism of flumes with high water residence time might include mechanisms more commonly found in lakes than in lotic systems. Coupling between ER and biofilm growth has been reported in experimental flumes (Singer et al. 2010; Haggerty et al. 2014) , which may explain the rise of ER and ηpCO2 over time in all flumes. In our study, the consistent increase in ER and ηDOC in F1 and F2 may be explained by increased primary production and release of labile DOM leading to high ηpCO 2 . However, ER (and resulting pCO 2 ) remained high even after primary production declined. Following this observation, we propose that high ER is fueled by the added allochtonous POM in the sediment, rather than DOM from primary production.
Microbial respiration of newly moistured leave litter is described to peak after 20 d (Suberkropp 1998) . This timeframe would approximately coincide with the time period of the shift in metabolic balance in F1 and F2 that took place 3 weeks after the start of the water flow in the flumes. Additionally, the second and third week were characterized by warmer streamwater temperatures than the first week. Temperature affects ER more than GPP because of the higher apparent activation energy for ER (Sand-Jensen et al. 2007; Acuña et al. 2008; Yvon-Durocher et al. 2012) . Consequently, Skoulikidis et al. (2017) identified a threshold temperature of 22 C for respiration dominating over production. Certainly, the highest water temperature observed in this study was lower (~20 C). However, such a threshold could well be reduced for microbial communities of subalpine streams that are adapted to a different temperature regime. Finally, in carbonate rich karst streams, high rates of photosynthesis can cause CO 2 contributions from carbonate precipitation (de Montety et al. 2011) . We cannot discriminate such a contribution to stream pCO 2 from those of ER in our study. However, given that neither calcite nor aragonite precipitation was observed at the sediment surface or on in situ sensors, we assume this contribution to be minor in our experiment.
Overall, we suggest that a superposition of the drivers (biofilm growth and subsequent labile organic matter availability, leaf litter decomposition, temperature increase with associated modification of the balance of ER and GPP) caused the increase of ER and thereby the shift in the metabolic balance of F1 and F2.
From a flume experiment to stream ecosystem functioning
Mimicking the drying phase of an intermittent stream with flumes poses challenges, at the same time as it provides the opportunity to study the effects of hydrological variability beyond the range naturally present in the past. Our selected range of discharge covered the stages of baseflow (F4-F6) and drying, namely contraction (F2 and F3) and fragmentation (F1), while complete desiccation was not recreated. Natural drying of intermittent streams includes receding of wetted perimeters and the gradual weakening of connectivity between laterals and the main channel (Mcdonough et al. 2011) . We argue that a summer drought period, when reaches only receive water from upstream sections, can be well represented within a flume experiment. By contrast, we did not recreate the gradual decrease of lateral and groundwater inputs in the experiment. Likewise, our experimental design mimicked streams with a shallow permeable streambed constrained by concrete, bedrock, or clay soils and therefore neglects a larger hyporheic zone. Hyporheic respiration can contribute more than half of the total respiration of mountainous streams, depending on the vertical exchange (Uehlinger and Naegeli 1998; Fellows et al. 2001) . Further, we acknowledge that this experiment simulated only low gradient stream reaches. Higher slopes could have decreased water residence time substantially and thus would have likely changed the exponent of the relationship of ηDOC with discharge. In fact, it shall be noted, that streams of this area often have steeper slopes than the ones present in the experiment, increasing their gas exchange velocity and flow velocity . Another difference between our flumes and a natural stream may be the enhanced exposure of the flumes to air temperature, potentially causing additional warming. However, high water temperature and enhanced daily amplitudes, especially in isolated pools, are found commonly in intermittent streams during drought conditions (Ward and Stanford 1982) . Also, high amplitudes of water temperature have been reported from some alpine intermittent streams (Robinson et al. 2016) . Nevertheless, all these aspects have to be taken into account when extrapolating our findings to natural subalpine streams.
Our experimental results expand earlier work on carbon cycling during baseflow in the "Oberer Seebach" (Fasching et al. 2016 ). In the light of climate change, our objective was to experimentally extend a baseflow situation of the "Oberer Seebach" to a summer drought. We found our results in agreement with studies of Mediterranean and desert streams; this refers specifically to the increase in labile DOM and the shift to autotrophy. Contrary to our initial hypothesis, this trophic state did not persist throughout the treatment phase. In fact, a large portion of the accumulated biomass was respired and a smaller portion exported downstream. Putting our findings into the context of climate change, this would suggest that flow intermittency can lead to enhanced carbon fixation in the remaining surface water, but only for a limited period of time. Consequently, the gain of aquatic respiration with increasing temperature might not be countered by photosynthesis as suggested previously in the literature (Demars et al. 2016) , if the streams are affected by drought. The fate and pathways of newly fixed carbon then depend on the light to nutrient ratio in a stream reach, a ratio that, together with water temperature might have caused the shift of the metabolic balance in this study. Low inorganic nutrient concentration in subalpine streams could limit GPP substantially even with otherwise favorable conditions for high GPP under climate change, meaning more carbon would be respired or exported downstream. After all, the time span until reflow, that is, the event when the organic material will be flushed downstream to fuel downstream reaches appears crucial. If this time span is long, a large proportion of the freshly produced biomass will likely be respired and might also enhance respiration of allochthonous organic matter stored in sediments.
The recently introduced "pulse-shunt concept" (PSC) (Raymond et al. 2016) proposes that DOC routing in stream networks may be described by a gradient between two main flow conditions. During high flow, headwater streams are assumed to act as pipes delivering terrigenous DOC downstream with little removal, whereas pronounced DOC uptake is considered in upland streams at low flows. Following our results, we propose that this concept remains incomplete under the conditions of a drought. Then, small streams produce DOC and favor the decomposition of sediment POM that may otherwise not be accessible for microbial degradation. The gained DOC may then be partially respired by heterotrophic organisms, but a relevant fraction is to be rerouted into the stream network at reflow. This will likely create events of disproportionally high C-mineralization downstream following droughts and reflow. We suggest, that this additional C-pathway from primary production and sediment POM may become more relevant in stream networks, if the frequency of large storms (providing sediment POM and nutrients) and droughts (remobilizing sediment POM and producing DOC) is increased by climate change.
